Abstract This study investigated whether game meat may contain nanoparticles of lead from ammunition. Lead nanoparticles in the range 40 to 750 nm were detected by ICP-MS in single particle mode in game shot with lead-containing bullets. The median diameter of the detected nanoparticles was around 60 nm. The particle mass concentration ranged from 290 to 340 ng/g meat and the particle number concentrations from 27 to 50 million particles/g meat. The size limit of detection strongly depended on the level of dissolved lead and was in the range of 40 to 80 nm. In game meat sampled more than 10 cm away from the wound channel, no lead particles with a diameter larger than 40 nm were detected. In addition to dissolved lead in meat that originated from particulates, the presence of lead nano particles in game meat represents a hitherto unattended source of lead with a largely unknown toxicological impact to humans.
Introduction
Lead (Pb) is a toxic metal that accumulates in the body and seriously affects the developing central nervous system in young children, but may also induce, e.g., negative cardiovascular effects and nephrotoxicity in adults (EFSA 2010) [1] . The European Food Safety Authority (EFSA) [2] and the Joint FAO/WHO Expert Committee for Food Additives (JECFA) [3] no longer support the previously used provisional tolerable weekly intake (PTWI) of 25 μg Pb/kg body weight, as it no longer can be considered as health protective. Today, the consensus is that there is no safe level of Pb, especially for infants, children, and the fetuses of pregnant women [3] .
Food is the major source of human exposure to Pb, particularly via foodstuffs based on cereals or tap water (EFSA 2010) [1] . While game meat constitutes a very small part of the diet for average citizens, game meat can be a major food commodity and therefore source of Pb exposure for high consumers. This is because game meat may contain very high levels of Pb in the form of fragments from the Pb core bullet used to cull the game [4, 5] . As a result, consumption of game meat has been associated with increased Pb levels in blood [6] [7] [8] , even though the reported bio-accessibility of the ingested fragments is low [9] . While lead-free alternatives exist, lead core bullets are used by most hunters in most countries, and bans on lead in bullets are rare exceptions [10] .
During the penetration of the game body, expanding Pb core bullets typically release hundreds or thousands of fragments of varying size that can be visualized using X-rays [10, 11] . In the process, a significant part of the kinetic energy of the bullet is converted to plastic deformation and heating, causing some of the exposed Pb to melt on or even vaporize from the surface of the expanding bullet and its fragments [12] . Potentially, upon cooling, this may cause Pb particles to be formed through re-solidification, some of which are too small to be detected by X-ray techniques.
A hitherto neglected route of Pb exposure from consumption of game meat is as metallic lead nanoparticles (PbNPs). To our knowledge, nothing is known about the occurrence or toxicology of this form of Pb. Three principles of possible adverse effects that are unique to nanoparticles have been identified [13] . The Btransport principle^suggests that materials with a certain possible toxic effect (like Pb) may be particularly potent when they are in the nanoparticle form. Uptake of ions and molecules by cells is usually biochemically regulated. In contrast, NPs that do not dissolve, but remain stable for a long time or accumulate in cells, may become Bactive^in another way. The Bsurface principle^suggests that the small size of NPs may cause enhanced chemical reactivity by the large number of surface atoms and by surface effects, such as crystal lattice defects. The associated toxicity, however, also strongly depends on the characteristics of the nanomaterial itself including material properties, material composition, potential impurities and surface modifications, etc., and is named the Bmaterial principle.Î n general, there is no consensus on the gastrointestinal uptake of NPs. The assessment of gastrointestinal absorption and biological effects of ingested NPs presents many problems because of its complexity [14] and only few in vivo absorption studies have been identified as robust and valid for nanoparticle studies [15] . Future work is therefore needed to demonstrate if PbNPs may represent an additional route of direct or indirect uptake of Pb in the gastrointestinal system.
Inductively coupled plasma-mass spectrometry (ICP-MS) used in single particle mode (spICP-MS) has been shown to be a powerful instrumental technique for determination of size distribution of NPs [16] . spICP-MS uses the well-established technique of ICP-MS on a Bparticle by particle^basis [16] . This requires sufficiently high dilution of the NP suspension to the nanogram per liter concentration range and mass spectrometer dwell times set in the micro-to millisecond range. The theory of ICP-MS used in single particle mode for characterization of colloids in water has been introduced by Degueldre et al. [17] . The technique can distinguish between ionic and nanoparticle forms of an element and provide (number-based) particle size distribution [17] [18] [19] . For spICP-MS, the sample needs to be in liquid suspension. Therefore, when applied to detection of PbNPs in meat, suitable sample preparation is necessary. Simple dilution and centrifugation has been shown to be unsuccessful for lean chicken meat containing silver NPs, due to the strong affinity of these NPs to the meat matrix [20] . Consequently, decomposition of the matrix by strong acids, bases, or enzymes is necessary to liberate the NPs into liquid suspension. The decomposition of the matrix should be performed without altering any of the characteristics of the NPs, which excludes use of certain strong acids or bases for the less noble metallic NPs, such as Pb. A previously developed enzymatic digestion procedure for silver NPs in chicken meat [20] has proven to be applicable as sample preparation method prior to nanoparticle analysis for other biological samples, including rat spleen [21] and human hip fluid [22] .
Here, we investigate the prevalence and size distribution of PbNPs from ammunition in game meat, using spICP-MS and a modified version of the earlier described enzymatic digestion method [20] . To the best of our knowledge, this is the first study of the contribution to Pb exposure by PbNPs in a food commodity. The results are highly relevant for risk assessment and risk management in generating advice for consumption and handling of game meat.
Materials and methods

Materials
Game meat samples
In 2013-2014, the Swedish National Food Agency (NFA), the Swedish Association for Hunting and Wildlife Management (SAHWM), and the Swedish National Veterinary Institute investigated Pb levels from ammunition in game meat and the best practice for handling game carcasses [9, 23, 24] . Samples were taken from cuts at increasing distances from the wound channel from the bullet, in order to be able to determine how much meat has to be removed for reducing Pb levels to acceptable levels. The results led to advice that all meat visibly affected and an additional 10 cm of meat that appeared unaffected in a radius around the wound channel should be discarded. Consequently, meat taken 10 cm or further away from the wound channel should be regarded as Bsafe^to consume in terms of Pb concentration level.
In the present investigation, some of the same samples were also investigated for the occurrence of PbNPs. The samples that were subjected to NP analysis were collected from one roe deer shot using Norma Oryx ammunition with a bullet weight of 11.7 g and fired from a caliber 308 Winchester rifle. This bullet is a bonded Pb core bullet, which expands and partly fragments upon impact with the targeted animal. Also, samples from one wild boar were collected from the SAHWM game processing plant. The type of ammunition used for culling the wild boar was not documented. X-rays of the carcasses however showed the presence of bullet fragments and Pb analyses of the meat demonstrated high levels of Pb in the meat around the wound channel. Thus, expanding Pb core bullets were used for taking down the roe deer and wild boar.
From the roe deer carcass, subsamples of finely minced meat were sampled around the wound channel (high probability of PbNPs, not intended for consumption) and sampled from the steak from the hind quarter of the animal (low probability of PbNPs; no lead detected in previous study and intended for consumption). From the wild boar, a subsample was taken directly from the bloodshot meat surrounding the wound channel. After removing all visibly affected meat around the wound channel, another sample was taken 10-15 cm away from the already cleaned wound channel. The total Pb mass concentrations reported in the previous study for these samples were around 300 μg/g in both wound channel samples (roe deer and wild boar). It should be noted that some wild boar samples in the original study contained lead at several thousand microgram per gram, so the samples investigated for PbNPs were not extreme [9] . The Pb mass concentrations in the Blow probability for PbNPs-samples^were <0.004 μg/g for the roe deer steak and 0.05 μg/g for the wild boar taken sample taken 10-15 cm away from the wound channel. The meat intended for consumption will be called Bcontrol samples^in the following text.
Chemicals
Ultrapure water (18.2 mΩ/cm) was obtained from a Millipore Element apparatus (Millipore, Milford, MA, USA) and used throughout the work. ReagentPlus sodium dodecyl sulfate (SDS) with ≥98.5% purity and sodium azide with ≥98% purity were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the enzymatic digestion, the commercial protease Proteinase K from Engyodontium album was used (SigmaAldrich, St. Louis, MO, USA). Proteinase K is a serine protease with a molecular mass 28,930 Da, a broad pH range of 7.5-12, and a temperature optimum of 37°C regarding its enzyme activity. Nitric acid (67-69%) of PlasmaPURE quality and single element PlasmaCAL standard of Pb at 1000 μg/ mL were obtained from SCP Science (Baie D'Urfé, QC, Canada). For determination of the transport efficiency for spICP-MS analyses, a gold nanoparticle (AuNP) Reference Material suspension with 60 nm in nominal diameter (RM8013) was obtained from the National Institute for Science and Technology, NIST (Gaithersburg, MD, USA).
Instrumentation
The homogenized subsamples from a previous study [9] were X-rayed using the Rotopractix 90/20 together with a Regius Model 110 S direct digitizer. An UltraTurrax homogenizer (IKA Werke GmbH & Co. KG, Staufen, Germany) was used for preparation of slurries of the meat samples. During enzymatic digestion, a water bath with a Heto HMT 200 RS thermostat and a Telesystem HP15 magnetic stirrer (Holm & Halby, Allerød, Denmark) was used.
An iCAP Q ICP-MS instrument (Thermo Fisher Scientific GmbH, Bremen, Germany) was used for all spICP-MS experiments. Instrument tuning was performed prior to analysis by using a tuning solution according to the manufacturer's recommendation. Instrument settings are given in Table 1 .
Methods
Sample preparation for spICP-MS
The sampled, complete tissue mass was mixed with the same mass of water and homogenized using the Ultra Turrax homogenizer. The samples for further analysis were taken from the resulting viscous slurry. A previously developed enzymatic digestion procedure was modified and applied [20] . In this work, enzymatic digestion for 1 or 16 h was tested separately to illustrate any possible dissolution of PbNPs during enzymatic digestion. Briefly, the enzyme solution was prepared by dissolving Proteinase K to a final concentration of 3 mg/mL in 50 mM ammonium bicarbonate buffer (pH 7.4-7.7) containing 5 mg/mL SDS and 0.2 mg/mL sodium azide (antimicrobial agent). A portion of 0.2 g meat homogenate was weighed and 2 mL of the Proteinase K solution and 0.3 mL water added. The resulting ratio between enzyme and dry matter of meat (estimated as 30% of total wet mass) was approximately 1:5 m/m. The mixture was incubated at 37°C in a water bath using continuous stirring for 1 or 16 h. After treatment, the samples were placed in ice water to stop the enzymatic activity. As a sample preparation blank, ultrapure water was treated using the same procedure.
Particle analysis by spICP-MS
Data processing was performed according to the methodology described by Pace [25] using a spread sheet routine. The peristaltic pump of the inlet system of the ICP-MS was set to 40 rounds per minute for all experiments, which corresponded to a sample flow rate of approximately 0.4 mL/min, which was accurately determined daily by weighing using pure water at room temperature as sample. A calibration curve was Pb intensity for each solution was then averaged from the entire length of the analysis (60 s). The transport efficiency of the liquid samples through the sample introduction system was determined according to the Bparticle frequency^method [25] by measuring a NIST RM8013 AuNP suspension with an average particle diameter of 56.0 nm (based on measurements by transmission electron microscopy provided by NIST) and a gold mass concentration of 51.86 ± 0.64 μg/g (information value provided by NIST), diluted 10 6 -times with ultrapure water. The transport efficiency was calculated as the percentage of all Au nanoparticles detected by spICP-MS versus the theoretical (calculated) particle number in the introduced sample volume, derived from the TEM-based size distribution published in the NIST Report of Investigation, the measured uptake rate and time of introduction of the sample suspension into the ICP-MS instrument.
Samples were diluted 66.7 times with ultrapure water prior to analysis. For each sample, the 208 Pb signal intensity was recorded for 180 s using a dwell time of 5 ms, which corresponded to 36,000 recorded data points. The isotope 208 Pb was selected because it is the most abundant isotope of Pb (52.40%). Following the analysis of each sample, ultrapure water was analyzed for 180 s to illustrate if carryover from the previous measurement could be excluded. For all analyses, the recorded signal intensity data were plotted (in cps) versus number of Bevents,^to create a signal distribution. The low, stable, and relatively noise-free signal intensities were considered to be caused by instrument background and polyatomic interferences or, for slightly higher intensity values, also caused by dissolved Pb (ions and molecules) in the sample. An iterative algorithm was applied where particle events were distinguished as outliers from the polyatomic background and dissolved metal signal if the measured intensity was more than five times the standard deviation of the whole data set [22, 26] . This criterion ensured that only NPs and no background or signal from Pb ions or molecules were included in the dataset, but also excluded low-intensity events corresponding to the smallest NPs. Particle size histograms were plotted using OriginPro 2016 (OriginLab Corporation, MA, USA).
Results and discussion X-ray of carcasses and samples
The X-ray images of the skinned wild boar shoulder showed a substantial amount of fragments close to the wound channel (Fig. 1a) . The lower limit of size detection of Pb fragments in the digital X-ray images was estimated at approximately 0.1 mm. Chipped bones can, like metal fragments, be seen as a radiopaque object, but the metal density is so much greater that the material can be visually distinguished when examining the samples. Figure 1b presents the X-ray image of the flattened wound channel subsample later used for spICP-MS analysis. Visible fragments (>0.1 mm) are present in the sample. In previous work [9] , a positive relationship between the number of fragments and the total lead level in the meat from the wound channel was observed. In the control sample of the wild boar, no visible fragments were seen (image not presented). Similar results are shown in the X-ray images of the roe deer (gutted and skinned) and the flattened roe deer wound channel sample (Fig. 2a, b, respectively) , although the number of visible fragments in the latter is lower compared with the wild boar. The differences in the fragmentation pattern between the investigated wild boar and roe deer could be explained by a variety of factors like bullet type, caliber, tissue resistance due to shot placement, distance to the prey, etc. Because the purpose of this work was to investigate if any PbNPs could be detected in the samples, no further examination of these factors was performed.
spICP-MS analysis of the samples
Wild boar samples Figure 3 presents the spICP-MS raw data for the 1-h enzymatically digested wild boar wound channel sample. The intense signals superimposed on the base line in the time resolved ICP-MS signal represent PbNPs (Fig. 3a, b) . Their heights correspond to the Pb mass. The elevated baseline at around 2500 counts (corresponding to approximately 1.6 ng/L) was caused by dissolved Pb (Fig. 3b) , which limited the minimum detectable particle diameter to approximately 56 nm ( Table 2) . The baseline signal level of the control sample was significantly lower at approximately 10 counts (Fig. 3c ). This low level was similar in magnitude to the time resolved signal of the sample preparation blank (data not presented). In the control sample and the sample preparation blank, around 100 to 150 PbNPs with median diameters of 12 to 18 nm (corresponding to peak signals of around 20 to 50 counts) were detected during the analysis time of 180 s. The finding of small PbNPs in the sample preparation blanks suggests carryover of PbNPs from previous analyses or formation of PbNPs in the sample introduction system from remaining Pb ions. Interestingly, no PbNPs were detected in ultrapure water which was analyzed after each sample for 180 s. This indicates that the release of PbNPs from the surfaces of the sample introductions system was caused by the anionic surfactant SDS in the enzyme solution or the enzyme itself. A prolonged rinsing procedure with a surfactant-containing acid mixture after analysis of each sample is expected to significantly reduce carryover. Any remaining presence of PbNPs in the control samples could then be appropriately evaluated.
The carryover of 12 to 18 nm PbNPs had no influence on the analysis of the wound channel samples as the size LOD for these samples was limited to 56 nm due to the level of dissolved Pb. No PbNPs ≥56 nm were found in the two sample preparation blanks (per 180 s) and two of the four control samples. In two control samples, one or three particles (per 180 s), respectively, were detected. The LOD for (dissolved) Pb mass concentration in the samples, recorded in spICP-MS mode, was calculated to be 50 ng/g (6 times standard deviation of sample preparation blank; mean of two blanks). In the wild boar control sample (taken 10-15 cm away from the wound channel), the mass concentration of dissolved Pb was below the LOD.
The resulting histograms (Fig. 4) showed that the major fraction of detected PbNPs in the wild boar wound channel was below 100 nm in diameter and that the largest detected PbNP was around 570 nm. The diameters were calculated by assuming spherical PbNPs of homogenous density. Future work needs to study the shape and chemical composition of the detected PbNPs by additional methods like field flow fractionation or transmission electron microscopy in combination with energy-dispersive X-ray spectroscopy to verify these assumptions. In general, an agglomerate or aggregate of several primary particles is identified as one large particle by spICP-MS. At high particle masses, incomplete particle vaporization and non-linear detector responses might result in an underestimation of the PbNP diameter [27] . These effects strongly depend on the particle density, the fraction of the analyzed element in the particle, and the boiling point [27] . Calibration curves based on AuNPs of defined sizes showed negative deviations from the linear behavior for 250 nm AuNPs [27] . As Pb has a lower density and boiling point than Au, it can be expected that deviations occur for particle diameters above 250 nm. The trueness of the determined size values from spICP-MS can only be evaluated by comparison with size information from other methods due to the lack of suitable (PbNP) reference materials and standard particles [28] .
PbNPs (≥56 nm) constituted 10% by mass of the total Pb concentration determined by spICP-MS for 1 h enzymatic digestion. It has to be kept in mind that a large fraction of PbNPs smaller than 56 nm is most likely present in the sample but could not be detected because of the high dissolved Pb level. In the absence of any dissolved Pb, a size LOD of around 10 nm could be obtained (data not presented). A reduction of the size LOD for samples with a high dissolved Pb level could be achieved by further dilution of the samples. The level of dissolved Pb would be decreased while the height of the signal caused by a single particle would remain the same. However, a corresponding extension of the analysis time would be required to allow the detection of the same number of PbNPs. Another alternative would be the use of microsecond instead of millisecond dwell times [29] , which was not possible with the available instrumentation at the time when the experiments were performed. A reduction of the size LOD was beyond the scope of the presented work since the main focus was on investigation of the presence of PbNPs in meat from game shot with lead bullets.
An increase of the enzymatic digestion time from 1 to 16 h led to a decrease of the particle mass concentration and an increase of the mass concentration of dissolved Pb (Table 2) . This finding indicated partial dissolution of the PbNPs during enzymatic digestion. The size limit of detection increased from 56 to 80 nm after 16 h enzymatic digestion (Fig. 4) . The determined total Pb concentration by spICP-MS (3 to 8 μg/g) was significantly lower than the total Pb concentration determined by conventional ICP-MS (300 μg/g). This indicates that a large fraction of Pb in the samples was not assessable by the spICP-MS method. This fraction is most likely larger bullet fragments that are Blost^during sampling, or sample preparation, e.g., by sedimentation.
To evaluate the stability of the enzymatic digests, samples (1 h digestion; N = 2) were re-analyzed after 6 days storage at 4°C. The particle mass concentrations (327 ± 20 ng/g) and the mass concentrations of dissolved Pb (3,929 ± 374 ng/g) were not significantly different from the samples directly analyzed after enzymatic digestion (one-way ANOVA, p = 0.103).
Roe deer samples
In the wound channel of the roe deer, the concentration level of dissolved Pb was approximately two times lower than that in the wild boar (1200 counts/∼0.8 ng/mL instead of 2500 counts/∼1.6 ng/mL). Therefore the minimum detectable diameter of the PbNPs was lower than for the wild boar (46 nm). In the control sample for the roe deer (hind leg steak), the number of detected PbNPs and the mass concentration of dissolved Pb were below the limit of detection. The wound channel sample showed a substantial amount of particles in the range 40 to 400 nm (Fig. 5) . In contrast to the wild boar sample, no statistically significant increase (one-way ANOVA, p = 0.757) in the dissolved Pb content was observed between 1 and 16 h enzymatic digestion times (Table 3) .
To evaluate the stability of the enzymatic digests, samples (1 h digestion; N = 2) were re-analyzed after 3 days storage at 4°C. After storage, the particle mass concentrations (30 ± 2 ng/g) and the mass concentrations of dissolved Pb (2100 ± 2 ng/g) (N = 2) were significantly different from the samples analyzed immediately after sample preparation. The significant reduction of the particle mass concentration and the increase in the concentration of ions and non-detectable particles indicate dissolution of the PbNPs during storage. This was not observed for the wild boar samples.
The differences in mass concentration of PbNPs and in particle size between the wound channel samples of wild boar and roe deer could be explained by a variety of factors like bullet type characteristics (thickness of jacket, amount of antimony added to the lead, chemical bonding of the core to the jacket), caliber, weight of the bullet, resistance encountered for the penetrating bullet, or distance from hunter to the prey. These effects may also explain the observed differences of the stability of the enzymatic digests over several days. In general, the finding of a large quantity of dissolved Pb in the particle-containing meat samples is not surprising. In air, the surface of metallic Pb is quickly covered by lead oxide (PbO), which serves as a protective layer against further oxidation [30] . In aqueous media [30] and in physiological fluids [31, 32] , PbO dissolves, and continuous dissolution of the metal occurs if oxygen is present. The dissolution rate may vary widely with pH value of the surrounding medium and with the composition of the solution, e.g., the presence ions and organic acids or proteins, which may act as complexation ligands [32] . Smaller Pb particles are more likely to dissolve completely due to their larger surface to volume ratio compared to bigger particles [9] . Dissolution of the Pb bullet fragments in the meat can occur during transport and storage of the animal carcass as well as in the prepared samples. The analytical procedure must therefore be designed in accordance with the purpose of the analysis, i.e., depending if the interest concerns the original PbNPs in the meat, or whether it aims at the PbNPs that might remain at the time of consumption. In this work, the purpose was to show the bare presence of PbNPs in lead shot tissue.
Summary and conclusions
PbNPs could be detected in game meat and their size distribution determined. To the best of our knowledge, this is the first time that the occurrence of nanometer-sized lead particles in bullet-shot game is reported. The game meat intended to eat contained no PbNPs. However, the level of dissolved Pb in the samples limited the minimum detectable particle diameter to approximately 46 nm (roe deer) and 56 nm (wild boar). An improvement of the method towards lower size LODs will be required to assure that no smaller PbNPs are present in game meat. This is of particular importance since it is well known that some hunters also consume the meat close to the wound channel [33] . Our finding makes enzymatic digestion followed by spICP-MS analysis a promising methodology for detection and characterization of size and number of PbNPs in game meat. Further work is necessary to validate the method in relation to particle size and mass concentration. An extended study focusing on the influence of bullet types, animal species, sampling, and sample preparation parameters will give further insight in the mechanisms involved in PbNP dissolution. For evaluation of the potential toxicity of the PbNPs, careful characterization of their physicochemical properties including chemical composition, impurities, particle size and size distribution, shape, surface chemistry, degree of agglomeration/aggregation, and solubility is required. A combination of several analytical techniques will be necessary to determine all these properties. Additionally, cell line and animal studies (oral exposure) would be required to evaluate the transportation routes of PbNPs in biological systems. Notable in this context is that, since metallic Pb dissolves in biological systems over time, there is a probability for larger metallic Pb fragments to partly dissolve on their way through the gastrointestinal tract and reach the size of nanoparticle that could penetrate the membranes and enter the blood system. However, independently of the origin of the PbNPs, the distribution and later dissolution of the PbNPs in the body are of toxicological interest, especially if the absorbed PbNPs can pass through cell barriers.
